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A free-flightinvestigationhasbeenmadeto de~rminetheeffectof
wingcamberandtwzl.stat Machnumbersfrom1.4to 2.1on thelift,drag,
andlongitudinalstabiIityof a configurationhavinga 52.7 sweptback
wingof aspectratio3, andinlinetailsurfaces.Thewingwas cambered
andtwistedto havelowdragat a wingliftcoefficientof O.3 andat a
Mach.numberof 1.46. Themethodreportedin NACAReport1226was usedto
determinethewingwsrp. Themodelwas aerodynamicallypulsedin pitch
throughouttheflightof themcdelalone. DragPOWS, normalforce,
pitthingmoment,staticlongitudinalstabiUty, amdwasheffectsat the
horizontal.tailwereobtained.Comparisonssremadewith,datafrcma
similsrmc@elthathad a flat(untwistedanduncambered)wing.

Themeximumwingliftcoefficientattainedduringtheflighttest
was generallysomewhatlessthsmthetingdesi~ liftcoefficientof O.3.
Thewarpedwingworkingin conjunctionwitha relativelylergeunswept
horizontaltailgaveapproximatelythessmem.cdelQag as theflatwingat
thehighesttestMft coefficientsandat thesameMachnumber. TTiewing
twistandcamberincreasedtheminimumdragcoefficientby thesmounts
0.CX12at thewingdesignMachnumberof 1.46, and0.Cf53at‘<@& number
of 2.1. Thenormal-force-curveslopewae increasedapproximatelyO.@
andthestaticmarginapproximately5 percentof thewingmeanaerodynamic
chord.
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INTRODUCTION

The effectivenessof twomethcdsofwingwarpin reducingdragdueto
liftat supersonicMachnumbershasbeene~erimenta.llydemonstratedfor
a fewtaillesswing-bodycotiigurations(refs.1, 2, and3) . The conical-
cambermethodinvestigatedin references1 and2 is thesimplermethd”
but is restrictedin thesensethattheprincipaleffortis directed
towardminimizingthe induced(vortex)dr~ componentof thedragdueto
liftby maintainingsm approximatelyellipticalspanwiseloading.An
effectiveleadi~-edgesuctionforceof someundeterminedextentis
developedby the camberandtwistwhereasa specialconditionis imposed
to reducedragthatmightarisefromexcessivetwistat theroot-chord_
regionof thewing. Thesumof thevortexandwavedr~ is thereforenot
necessarilyminimizedby thismethodbutmayhavea relativelylowvalue.
The compoundwarpmethd firstreportedin reference4 andextendedlater
in references3 and5 is moreflexiblein the conditions -thatcm be imposed
on thewing. Thismethodisbasedon an ass-wd variationof the lifting-
pressurecoefficientoverthewing. Theuseof reference5 in conjunction
withreference4 permitsthedirectdeterminationof the surfaceshapeand
ordinatesforleastdragdueto liftcorrespondingto theassumedvsriation
of theliftingpressurecoefficient.Theassumedvariationof lif’ting-
pressurecoefficientsitselfmaynotbe an optimum.Thusneithermethd
(conicalcamberor compoundwarp)necessarilygivesem absoluteminimum
to the sumof thevortexandwavedrag. Bothmethodsp,representlyappli..
cableonlyto wingplanformssweptwithintheMachconeoriginatingfrom
thewingapex. Neithermethodtakesintoaccountwing-bodyinterference
whichshouldbe an importantconsiderationforthelow-as~ect-ratiowings
proposedforflightat supersonicspeeds.

Thepurposeof thepresentbriefinvestigationis to determineexperi-
mentallywhetheranybenefitscanbe realizedby employingthecompound
warpmethodat a designMachnumberof 1.46__mda wingliftcoefficientof
O.~on a 52.’i0sweptback-wingconfigurationhavingan fnlinetail. At this
Machnumber nd wingliftcoefficientreference4 wasusedtogetherwith
arbitraryspanwiseandchordwiseloadingdistributionsto determinethe
wingtwistandcsmber.Themodelwasflighttestedat Machnumbersfrom
1.4to 2.1at theI&ngleyPilotlessAircraftResearchStationat Wallops
Island,Va. Thehorizontaltailwasaerodynamicallyptilsedcontinuously
betweenstopsettingsof?2.Oo. Thebasicaer@namic parametersin
pitchwe~edeterminedfromtheresponseof themodelto theapproximate
square-wavetailmotion.
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SYMBOLS

~ w/s
normal-forcecoefficient,— —

g~

-az W/S
chord-forcecoefficient,

TT

liftcoefficient,~ Cosa.- Cc sinG

dragcoefficient,cccosa+~ sina

~;
pitching-momentcoefficientabout0.55~, —

qsz

wing-wsrp-designloadingconstsats

localliftcoefficient
Liftperunitspm

qc

localliftcoefficient
Iiftmerunitchord

basedon localchord,

basedon localspan,

qb‘

3

I_ifting-presswecoefficient,Ap/q

normalacceleration,ft/sec2

longitudinalacceleration,ft/sec2

accelerationdueto gravity,32.2ft/sec2

dynsmicpressure,lb/sqft

velocity,ft/sec

Machnumber

cotsngentof sweepbackmgle of wingleadingedge,
0.656
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cotangentof sweepbackangle
1.571

NACARM L56C16

ofwingtrailingedge,

r

Reynoldsnumber,wherereferencelengthis 1 ft

taperratio, Tipchord
Rootchordat centerline’

0.2

angleof sweepof quarter-chordIlne,deg

weightofmodel,lb

singularaccelerationin pitch,radians/see2

totalwingsreato bdy centerllne,4.00sq ft

totalwingspan,3.46

portionof localwing

wingmeanaerodynamic

localwingchord,ft

wingrootchord,ft

emgleof attack,deg

ft

spancoveredby wing,ft

chord,1.32ft

sngleor sideslip,deg

horizontaltaildeflectionfrombdy centerline,deg

modelmomentof inertiain pitchaboutcenterof
gravity,slug-ftz

differencein staticpressureon upperandlower
surfaces,lb/sqft

s

x, y, z

~t

SeIlliS~=,b/2

rectamgulercoordinateswith

distancein x-directionfrom

~ONFIDE#XWL

.—
.
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originatwingapex

leadingedgeof local

“v

chord “
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MODEL

5

A drawingof thecsmberedwingmodelof thepresenttestis shownin
. figure1 andphotographsof themodelsrepresentedin figure2. Geometric

andmasscharacteristicsof themodelsrelistedin tablesI andII. The
m&lelwas identicalto themodelof reference6 exceptfora morerearwsrd
locationof thetotal-pressuretubeon thetopof thebody,theabsenceof
a fin-mountedflowindicatorsada tail-mountedtotal-pressuetubeland
thewarpof thewing. Theratioof themaximumdiameterof thebdy to
thewingspanwas 0.168. A 52;P sweptbackting(2>percent-chordline)
of aspectratio3, taperratio0.2,andhavingsm NACA65A0@ thiclmess
distributionforthe streamwiseairfoilsectionwasmountedon thebody
in sucha way thatthetrailingedgeof thewing (theonlystraight-
lineelementof thewing)was in a planeparallelto and0.50inchbelow
thebodycenterline.

Theside-viewphoto~aphsin figure2 indicatethewsrpedwing
contour.The ordinatesof themea-linesurfaceweredesi~ed to give
lowdragat a Machnumberof 1.46anda wingliftcoefficientof 0.3.
Theordinatesweredeterminedby themethd givenin theappendixsmdare
tabulatedin tableIII. Theloadingsusedin thedesignmethodS other
contourdiagrsmsareshownin figures3, 4, and5. Theonestraight-line
tingelement(typicalforthistypewarp)was locatedat thewingtrailing

● edgeforconveniencein checkingmcdelalinementbutpresumablycouldhave
beenplacedat my otherting-chordlocationwithoutalteringtheoverall
aerodynamiccharacteristicsof thewing. Thesingleof incidenceof the.
wingwithrespectto thebodywas selectedto giveapproximatelyzerolift
whentheangleof attackof thebodyandthehorizontaltaildeflection
werezero.

Themodelwas of metalconstructionwitha solidsteelwing. A
sustainerrocketmotorwas c=ried insidethefuselagein additionto a
telemeterwithmgle-of-attack,sngle-of-sides~p,pressureand accelero-
meterinstruments.Themodelwas externallyboostedby twoBacon rockets
firingtogether.

TEST

Datawereobtainedduringascentof themodeltiterseparationfrom
thebooster.Duringf~ght of themodelalone,a squsre-wavepulsewas
continuouslygeneratedby thehorizontaltailwhichautomaticallyflipped*,
betweenstopsettingseachtimethe lifton thetailreverseddirection.

Thequantitiesmeasuredby thetelemetersystemwerenormalandlon-.
gitudinalaccelerations,anglesof attacksadsideslip,horizontaltail
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deflection,andtotalpressure.ThevelocityobtainedfromCW Doppler
radsrset (correctedforwindvelocity)wasusedin conjunctionwith
trackingradarandradiosondedatato calculateMachnumber,Reynolds

w

number,anddynamicpressure.Groundrollsondeequipmentoperatingwith
thedirectionaltelemeterantennasignalfromthemodelindicatidthatthe -

.

levelof modelrollingvelocityvariedbetweenapproximately-5 and O
radiansper secondthroughouttheflightof themcdelalonewiththe
maximumrollingvelocityoccwringat thehighestMachnumbers.The
variationof thefree-streamReynoldsnumberperfootlengthanddynsmic
pressurewithMachnumberis shownin figure6(a). Therewas a coasting
periodbeforesmdafterthepericdof flightwithsustainerpoweron.
Therangesof themaximumanglesof attackandinducedsidesl.ipareshown
in figure6(b).

ACCURACYAND CORRECTIONS

Reference7 indicatestheaccuracythatcanbe expectedof a t~ical
flowindicatorworkingwithoutthe telemeterapparatus.An estimated
possibleinaccuracyof abouti0.4°in thetelemeterangleof attackwould
causea rotationof thedragpolarsuchthata discrepancyin totalbag
coefficientof fO.CX12or in dragdueto liftof ~ percentat a nominal
liftcoefficientof 0.3andW,chnumberof 1.46wouldresult.Further
errorsin aerodynamiccoefficientscanarisebecauseof dynamic-pressure .
inaccuracieswhichareapproximatelytwiceas lmge as theerrorin Mach
number.I@chnumberis estimatedto be accurateto *1 percent.Thusall
coefficientshavea probableerrorof at leastH percent. .

To avoiderrorin thedeterminationof thedragpolarsthatmight
resultfrcmeitherexternalor internalmisallnementof thelongitudinal
accelerometerinstrumentwhensubjectedto normalacceleration,the
angularityof themountingbasein themalelwaameasured,andthe
instrumentitselfwas calibratedwhilesubjectedto normalacceleration.
The “feet”of theaccelerometerweregroundto reducetheresponseof the
instrumentto normal-forceinteraction.Theresidualinternalinstrument
errordueto normalaccelerationamdtheexternalmisalinementof the
instrumentmountingbasewereaccountedforin thedatareduction.

An additionalsourceof inaccuracyin thefinalresultsmaybe caused
by theinducedsideslipandrolJ_ingmotions.Thesemotionswereof’greater
_f.tude at thehighertestMachnumbers.

Measurementsobtainedfromtheflowindicatorwerecorrectedfor
positionerrorandflight-pathcurvature.Positioncorrectioriswerealso
madetomeasurementobtainedfromthenormalandlongitudinalacceler-
ometersmountednearthe centerof gravityof themodel.

v

.
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The probable errors me estimated to be
possible‘&rLtsof accuracy:x

CDat CL= O........ .
. CDat&=0.3 . . . . . . . .

CA N . . . . . . . . . . . . .
a,deg. . . . . . . . . . . .
cm. . . . . . . . . . . . . .
M . . . . . . . . . . . . . .

RESULTS

. . . . . . .

. . . . . . .

. . . . . . .

. . . . . . .

. . . . . . .

. . . . . . .
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lessthanthefollowing

. ..*. . . . . ~.ool

. . . . . . . . . ~o.oo3

. . . . . . . . . tool
20.4. . . . . . . . . @.02. . . . . . . . .

. . . . . . . . . W*O1

ANDDISCUSSION ,

Drag

Figures7 and 8 showthedragresultsobtained.Themaximumwing
liftcoefficientwasgenerallysomewhatlessthanthewingdesignlift
coefficientof 0.3,particularlyat thehigherMachnuribers.Comparison
withtheflatwingmcdelof reference6 showsapproximatelythe samedrag
forthetwomodelsat thehighesttestliftcoefficients.At zerolift
coefficientthewingtwistand cambertncreasedthe dragcoefficientby
thesmount0.002or 5 percentat thedesignMachnuniberof 1.46andO.OO3

. or 10 percentat a Machnumberof 2.1. Figure8 fuxthershowsthatby
comparisonwiththebody-tailmodel(ref.8) at zeroHft thisincrease
in dragdue to wingwsrpcorrespondsto a 20-percentincreasein the
dragcoefficientof a wingwithinterferenceat a Machnumberof 1.46
anda >-percentincreaseat a ~ch numberof 2.1.

The dragresults of this test and the swept-wingmodeltestof
reference2 indicatethatfora sweptwinga liftcoefficientof 0.3
doesnotgivea reductionin dragdueto liftat the supersonicMach
nmbers testedsndat liftcoefficientsup to 0.6. However,thetests
of references2 and3 do showdragreductionsfordeltaand sweptwings
designedfora liftcoefficientof approximately0.2. Figure14 of
reference2 showsthatforthe sweptwingof thattestthereis sm
optimumvalueof thedesignliftcoefficientslightlybelowa valueof
0.2. Thisis a result notpredictedby thetheory.If thisres~t of
reference2 hadbeenavailablewhenthemcdelwingof thepresenttest
was designed,a lowerdesignliftcoefficientwouldhavebeenselected.

TotalNormalForceandPitchingMoment
.

Figure9 to 11 presentplotsof normal-forcesmdpitching-moment
coefficientsand swmnarizethevsriationof thenormal-force-curveand
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pi.tching-rnoment-curveslopeswith~ch number.Figure9 showsthatthe
variationof normal-forcecoefficientwithangleof attackis linear
withinthersmgetested.Thevariationofpitching-momentcoefficient
withnormal-forcecoefficientpresentedin figure10 is approximately
linearforpositivevaluesof normal-forcecoefficientsadslightly
nonlinesrfornegativevalues. Thev=iationwithMachnumberof nor~l-

force-curveslope
d%

cNa andstaticstabilityparameter— presentedin
d%

figure11parallelsthecorrespondingresultfortheflatwingmodelof
reference6. The tingtwistandcemberincreased‘~a approximately
0.004andincreasedthestaticmarginapproximately0.056.

Washat theHorizontalTail

Effectivewashat thehorizontaltailwasdeterminedat thestartof
eachtailflipwhenthelifton thetailwas assumedto be zeroandthe
airflowparallelto thetailchordplane. Thefollo@ngequationwas
usedto evaluatethewash:

Wash= -aflip-5

IlgureI-2showsthatat positivesinglesof attackandthenegativetail
setting,thevalueof -lip was about1.P. Fornegativeanglesof
attackandthepositivetailsetting,the ‘flip was about -0.3°.

Thisindicateslessupwashat thetailforthepositivevaluesof ~Up
andmoreforthenegativevalues.Thisasymmetryis believedtobe
dueto theinfluenceof theinbosrdregionof thewingwhichhad a pos-
itiveincidenceto thefuselageof theorderof 1.6°.

An investigation

CONCLUDINGREMARKS

of theeffectofwingcamberendtwiston the
supersoniclift,drag,andstabilitycharacteristicsof a rocket-powered
modelhavinga 52.5°sweptwingof aspectratio3 andinlinetailsurfaces
leadsto thefollowingobservations:

1.Althoughthemaximumwingloadingwas generallylessthanthat-
requiredfora wingdesignliftcoefficientof 0.3,the twisted-and
cambered-wingmcdelhad approximatelythesamedragcoefficientas the
flatwingmodelat thehighesttestliftcoefficientsandat thesame
Machnumber.

~ummq
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2. Thewingtwistand mmber increasedtheminirrrmdragcoefficient
* by theamounts0.002at thewingdesignMachnumberof 1.46 and0.003at

a Machnuriberof 2.1.

. 3. Thewingwq alsoincreasedthenormal-force-curveslope
approximately0.004andthe staticmgin approximately0.055.

LangleyAeronauticalLaboratory,
NationalAdvisoryCommitteeforAeronautics,

Lmgley Field,Vs.,Februsry27,1956.
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AFF’ENDIX
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DESIGNPROCEDUREUSEDFORTWISTEDAND CAMBEREDWING

.

Thedesignprocedureusedt~ determinethewingtwistandcamber
requiredfor lowwingdragat a designMachnumberof 1,46anda wing
liftcoefficientof 0.3wasbasedon thewing-warpingmethcilof ref-
erence4 andwas similarto theprocedureoutlinedin theappendixof
reference3.

The assumedvariation of the lifting pressure coefficient described
by equation (2)of reference4 wasusedto obtaintheloaddistribution:

C2 x C4L=L+&——+!.2(u) +—(0)2cL cL ‘hcLCr CL cL

Thevalues of the constants
c1 CL C4
q 1=$~and ~

c?
of — (eqs.22,23,and24 of ref.4):

CL

wereexpressedin terms

4k(l+71) C3
&~+(l-ll;(:+k)~

CL 4(1 - %’) 2 C3
~=(l+k)n ‘(l+k)~

C4 6(1 + A)
== (l+3X)-6(l+h)A [

1-

where A = h2(l- k) and n.m&2 -1. A valueof n= 0.7 was
(k+n)(l- X2)

8(1 + h) - 4A2
3X 1A

selectedwitha correspondingdesignl&chnumberof 1.46. Thevalue
C3

of ~ was determinedfroma conditionimposedon thechordwiseload

distribution.!Jhisconditionwas thattheslopeof thechordwiseloading
at x/cr= 1.0 be zero. Thechordwiseloadingin the<egion

O<%< 1.0 is givenby:
... .

.

Y
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2Cr
where a s — andm~ l-k

b ~ = 0.728.1 Thefinalnumerical

thefourconstantswereas follows:

l-l

valuesof

q
—= 1.582cL

c, _ -2 *41
cL “

C4
—= 0.149cL

Thechordwisesadspanwiseloadingscorrespondingto thissetof constsmts
w areshownin figure4. For comparativepurposes,ellipticloadingsare

alsoshownin thefigure. Thedragdueto liftof theresultingwsrped
wingwsa calculatedby a methodof graphicalintegrationandfoundto be
approximatelythe sameas fortheflatwingwithfullleading-edgesuction.
Thisresultpromptedthepresenttest.
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TABLEI.-CONTOURORDINATESOF NOSE

Station, Bodyradiu6j
in.fromnose in.

o 0.17
.06 .18
.12 .21
.24 .22
.48 .28
● 73 ● 35
1.22 .46
2.00 .64
2.45

● 73
4.8Q 1.24
7.35 1.72
8.cO I.85
9.80 2.15
=.25 2*5Q
13.12 I 2.61
14.37 2.75
14.70 2.78
17● 15 3.01
19.60 3.22
22.05 3.38
24.50 3.50
25.oQ 3.50
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TABLEII.- CHARACTERISTICS

Wing:
Span,ft . . . . . . . . . . . . . . .
Area,sqft. . . . . . . . . . . . . .
Aspectratio . . . . . . . . . . . . .
Taperratio. . . . . . . . . . . . . .
Sweepbackof 0.25chord,deg . . . . .
Meanaerodynamicchord,5, f% . . . . .
Airfoil-sectionthicknessdistribution
aboutmesmcamberline,streamwise.

Incidenceat 0.2halfsp~, deg

Body:
Maximumdiameter,ft . . . .
Basediameter,ft . . . . . .
Lengthjft . . . . . . . . .
Finenessratio . . . . . . .
Boat-tailangle,deg . . . .

Horizontaltail:
Span,ft ● ● . . . . . . . .
Aspectratio . . . . . . . .
Sweepbackof O.~ chord,deg
Airfoilsection. . . . . . .

Verticaltail:
Span,ft . . ● . . . . . . .
Aspectratio . . . . . . . .

●

✎

✎

✎

✎

✎

✎

✎

✎

✎

✎

Sweepbackof leadingedge,deg
Sweepbackof trailingedge,deg
Airfoilsection. . . . . . . .

Modelweight,lb:
Withsustainerrocketloaded .
Withsustainerrocketempty. .

●

✎

✎

✎

✎

✎

✎

●

✎

✎

✎

✎

✎

✎

✎

✎

✎

●

✎

✎

✎

✎

✎

✎

✎

✎

✎

✎

✎

●

✎

✎

✎

✎

Momentof inertiain pitch,Slug-ftp:
Withsustainerrocketloaded . . .
Withsustainerrocketempty. . . .

●

✎

●

✎

✎

✎

✎

✎

✎

✎

✎

✎

✎

●

✎

✎

✎

✎

✎

●

✎

✎

✎

✎

✎

✎

✎

✎

✎

✎

✎

●

✎

●

✎

✎

✎

●

✎

.

.

.

.

.

.

●

✎

✎

✎

✎

✎

●

✎

✎

●

✎

✎

✎

✎

✎

OF MODEIS

.

.

.

.

.

.

.
●

✎

✎

✎

✎

✎

✎

✎

✎

✎

●

●

✎

✎

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.
●

✎

●

✎

✎

.

.

.

.

.

.

.’

.

.

.

.

.

.

.

.

.

●

●

.

.

●

.

.

.

.
●

✎

✎

✎

✎

✎

✎

✎

✎

✎

✎

✎

.,

. .

. .
● ✎

✎ ✎

✎ ✎

✎ ✎

. .

. .

. .

. .

. .

. .

.,

. .

. .
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.
●

✎

✎

●

✎

●

✎

✎

✎

●

✎

✎

✎

✎

✎

. . .

. . .

. . .

.*.

. . .

. . .

NACA
. . .

. . .

. . .

. . .

. . .

. . .

● . .
,..
. . .

Centerof gravitywithsustainerrocket:
loadedor empty,percent@ behindleadingedge
of meanaerodynamicchord. . . . . . . . . . .

. 3.46

. -4.0

. 3.0

.

. 5::;

. 1.32

4 percenthexagonal

. . . . .

. . . . .

. . . . .

. . . . .

. . . .

. . . .

. ..0
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